 A unique remote-controlled experimental bench is integrated for regeneratively hydrocarbon cooled combustor  A nozzle-like device trapping pyrolysis-formed carbon was designed to depressurize fuel before injection.  Similitude rules were used to reproduce real operating conditions (Pyrolysis rate, Surface/Volume heat flux…)  The possibility to operate over large testing conditions (fuel flow rate from 70 to 100 mg/s, pressure up to 50 bar, max fuel temperature 1500 K, Equivalence ratio from 0.8 to 1.1)  The possibility to get complete fuel pyrolysis at lab scale was demonstrated, similarly to realistic operating scale
Hydrogen and hydrocarbons propelled hypersonic flights are expected to be achieved in the coming years by means of Supersonic Combustion Ramjet (SCRamjet) engines [5] . This kind of air-breathing engines uses the vehicle forward motion to compress incoming air, without 5/34 any rotary compressor.
SCRamjet suffers from two main problems:
1. High temperature values in combustion chamber. Maximum total temperature can achieve values as high as 4500 K [5] . That determines a dramatic heat load toward the inner wall of the engine (up to 25 MW m -2 ) [4, 6, 7] , that even composite materials cannot withstand;
2. Low time allocated for the combustion. Reactants (fuel-oxidizer) residence time in the combustion chamber is of about 1 ms [8] . Because of the high values of ignition delay times for liquid hydrocarbons, that raises difficulties for the combustion process to be regularly carried out [5, 7] .
Regenerative cooling is one of the most widely applied cooling techniques in liquid propellant rocket engines [9, 10] . Many studies, particularly numerical, have already been performed on it. It has proven to be a suitable and effective solution for both problems 1) and 2)
for hydrocarbon-fuelled vehicles [11, 12] . Fuel acts as a coolant, flowing through cooling channels located between the inner and the outer wall of the engine, before being injected into the combustion chamber. A counter-flow heat exchange between a liquid or supercritical domain (fuel) and a gaseous domain (burned gases) is thus established. The possibility of exploiting regenerative cooling when non-hydrocarbon fuels are used has also undergone numerical investigations. Hydrocarbons are preferred for flight whose Mach number is under 8, whether hydrogen is preferred when aiming at achieving Mach number over 8 [3] . The cooling capacity of hydrogen is, when compared to that of kerosene, far lower, especially because of the difficulty for it to perform endothermic conversion [6] . Moreover, its relatively high cost discourages its utilization [13] .
If an hydrocarbon propellant is used, fuel undergoes pyrolysis when heated above 800 K. 6/34 The endothermic behavior of the chemical reactions enhances its cooling capacity (corresponding to a chemical heat sink of about 1-1.5 MJ kg -1 , being 3-4 MJ kg -1 the sensible heat sink [14] ). The complex chemistry of light and heavy hydrocarbon fuels pyrolysis has already been object of studies, especially in the petro-chemical fields [15] . Pyrolysis phenomena generate many species like hydrogen and light hydrocarbons (ethane, ethylene, acetylene, etc.).
The ignition delay times of the light pyrolysis products are very low when compared to the initial heavy fuel. That allows the combustion process to get completely realized in the combustion chamber, thus improving the rocket engine performance. A major challenge associated to the dual function of the fuel (coolant and fuel) is to provide a regulation strategy which could be compatible with the dynamics of the supersonic vehicles [5] . Indeed, increasing the thrust by increasing fuel mass flow rate may conduct to a thrust decrease because in correspondence of fuel injection increase, heat load available to pyrolyse the fuel would remain constant. Only transient evolution of heat load through the structure could provide more energy to pyrolyse the increased incoming coolant fuel. This is a strongly transient, coupled and multiphasic topic. This negative loop is illustrated in Fig. 1 . It can also be noticed that controlling the thrust should be done with response times lower than 1 s (which corresponds to a traveled distance of 1 km at Mach 5, quite a lot when piloting a flying vehicle). is the strong transient nature of these coupled phenomena in on-board application [5] . In addition, side effects like cooling channels blockage can be found, as fuel pyrolysis also originates coke deposits, that can stick to the wall of the channels [15] [16] [17] . That raises serious concerns because of two possible consequences: 7/34 1. A decrease in the cooling capacity of system; 2. The danger for the cooling channels to be jammed by coke.
In this sense, the COMPARER program developed by MBDA-France and by the University of Orleans [3, 4] Heat transfer within the burned gases (gaseous domain) was modelled with equation 4:
Equation 5 and 6 represent respectively heat transfer from the hot gases to the combustion chamber wall by means of convection and radiation. Equation 7 permits to take into account the amount of heat lost with the flue gases.
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Heat transfer within the combustion chamber wall (solid domain) was modelled with
represents heat transfer by convection through the fuel.
Nozzle design for pressure decrease
Being the intention of the authors is to carry out ambient pressure combustion, a specific system for decreasing fuel pressure is required. In fact ethylene flowing into the cooling channel is expected to be at high pressure and possibly at supercritical state. A nozzle-like device has so been designed. It is made of an external casing ( 10/34 The numerical simulation of the cooling channel and of the combustion chamber has been realized by using ANSYS FLUENT CFD software. On the basis of empirical estimations made earlier on the velocity fields characterizing the system (evaluation of Reynolds numbers), whose results will be presented in section 3, turbulent conditions are expected into the combustion chamber. So, in this work, the choice has fall on the standard k-ε model (class of Reynolds Averaged Navier Stokes -RANS -turbulence models). That is justified by the fact that k- model is 
CFD models and assumptions
The standard k-ε model is a semi-empirical model based on the above mentioned transport equations, where:
The turbulent viscosity, μ t , is defined as follows: (14) The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained from the following transport equations:
The default values of the constants present in the transport equations of k and ε have been determined from experiments with air and water in well defined turbulent conditions.
The transport of energy E is described solving equation 9:
The first three terms on the right-hand side of the above reported equation represent respectively energy transfer due to conduction, species diffusion, and viscous dissipation. In particular: 2 18 
Geometry and dimensions estimated by CFD analysis
Estimation of the following parameters is expected from CFD results: height and diameter of the combustor, length and diameter of the rolled-up stainless steel tube which, passing through the combustion chamber, will simulate the cooling channels of regenerative cooled ramjets, heat flux density from the burned gas to the fuel, fuel and oxidizer mass flow rates and maximum wall temperature in the combustor (to ensure its withstanding for long run operation). The basic condition to respect is to get fuel conversion at the cooling channel outlet over 50% wt. Moreover, temperatures achieved by all components should not overpass 1400 K. Temperatures of the fuel flowing into the cooling channel are also expected to be derived from CFD analysis. 12/34 The geometrical configuration adopted for the combustion chamber is shown in figure   4 . It is computed considering 2-D axisymmetric assumptions. The flame was simulated by means of an axisymmetric jet of air, with a diameter of 2 cm. Whatever the case, jet temperature corresponds to that it would achieve in the event of combustion in adiabatic conditions. The initial temperature of the fuel/oxidizer mixture has been set at 400 K, by considering a temperature of the fuel entering the burner after flowing into the cooling channel of 1000 K, which is supposed closer to real operating than the ambient.
Air and ethylene properties have been defined as polynomial functions of temperature. The properties both of the stainless steel tubes and of the ceramic refractories blanket, i.e. density, thermal conductivity and heat capacity, have been defined by the authors. They are considered as constants and reported in table 3. Table 3 . should be placed here Adiabatic conditions have been considered on the external stainless steel casing ( fig. 4 ), whose temperature has been set to 300 K. The Navier-Stokes equations are solved in axisymmetric configuration. Boundaries conditions have been imposed as follows:
1 Mass Flow Inlet at the entrance of the reacting mixture in the burner and at the entrance of the fuel in the helix-like stainless steel tube;
2 Pressure Outlet at the exit of the burned gases from the burner and of the exit of the fuel from the helix-like stainless steel tube;
3 Wall in correspondence of all the other surfaces. 14/34 They are illustrated in figure 6 . Except for the highlighted ones, all the other surfaces are defined as wall. Figure 6 . should be placed here
Results and discussion
Combustor dimensioning consists mainly in choosing the optimum diameter. To summarize, on the basis of the above exposed considerations, the choice must be based on:
1. the maximum temperature achieved by the fuel: ethylene pyrolysis requires temperature as high as 1200K Erreur ! Source du renvoi introuvable.;
2. the temperature achieved by the helix-like stainless steel tube: 316L stainless steel can not be exposed to temperature over 1400 K Erreur ! Source du renvoi introuvable..
The second parameter is crucial, as at too high temperatures the mechanical properties of the stainless steel dangerously decline Erreur ! Source du renvoi introuvable.. The comparison of data reported in fig. 9 and 10 shows that the effect on ethylene heating of the diameter D combustor is huger than that of equivalence ratio ER. That is probably because the importance of equivalence ratio variations is higher when a strong radiative heat transfer is present (it depends on the fourth power of burned gases temperatures, which vary with ER). That is not the case, as no reach combustion is considered. So the effect of a decrease in the gases temperatures due to the passage to a lean combustion counts for less than that due to the raise in the area of the surface exposed to them, which vary with the second power of D combustor . configurations on different fuels reported, for example, that a conversion rate of 100% is obtained for n-dodecane at 1400 K, with a residence time of 7.6 s [5] . Considering that a residence time of at least one order of magnitude higher is expected, the complete decomposition of the fuel should be easily obtained. Table 6 . should be placed here
As

Dynamics characterization and similitude rules
As already said in paragraph 2.1, 0-D analytical calculations have been performed. A reaction enthalpy of 42 MJ/kg has been considered for n-dodecane combustion, while a reaction enthalpy of 1.43 MJ/kg has been considered for n-dodecane pyrolysis decomposition [24] . A combustion chamber height H combustor of 20 cm, a thickness of the wall separating the burned gases and the fuel of 2 mm, a cooling channel thickness of 2 mm, a pressure of 3 MPa were chosen. Stoichiometric combustion is considered.
The results are shown in tab. 7: Table 7 . should be placed here It is observed that the rise of fuel mass flow rate favors fuel pyrolysis as it strongly impacts the combustion heat flux, thus the heat flux density received by the fuel flowing through the cooling channel. Despite heat loss increases from 23% to 37% when increasing it from 0.07 to 0,285 g s -1 , the overall fuel mass flow rate effect consists in an improvement of heat transfer.
A temperature of 835 K is obtained in case of a mass flow rate of 0.107 g/s; which seems to be, when n-dodecane is used, a good compromise to get pyrolysis (considering the residence time) similar to the one on realistic engine (conversion rate over 50%) [5, 19] . 19/34 Similitude rules have been taken into account in designing the experimental test bench. The values of the main parameters are comparable with a real scramjet engine, as shown in tab. 8: Table 8 . should be placed here
Discussion of the results
Fluent analysis showed that goals 1 and 2 (paragraph 3) can be achieved both by using 10 cm diameter and 8 cm diameter combustion chambers. Fuel temperatures observed at the outlet of the rolled-up tube when D combustor =12 cm would be just on the limit. Considering the above mentioned general fuel temperatures overstating, a 12 cm diameter combustor is considered inadequate. The choice reduced to 8 cm and 10 cm diameter combustion chambers, it has been decided to opt for the second possibility. When compared to the 8 cm tube, in fact, the 10 cm one presents two important advantages:
1. the maximum temperature of the cooling channel wall fall just under the upper limit;
2. the residence time of the propellant into the tube is higher (of about 20%), and consequently the duration of its exposure to the flame heat load is greater.
The second point is crucial. Clearly, variations in the combustion chamber diameter are accompanied by variations in the length of the rolled-up tube. That determines a change in the permanence of the fuel in the combustion chamber: consequently the greater is the combustor diameter, the highest is the duration of its exposure to the flame heat load. That enhances fuel decomposition.
Moreover, by varying the ratio between the fuel and the oxidizer mass flow rates it is possible to act on both the temperatures achieved by the ethylene flowing through the cooling channel and by its wall. That will allow to change the enhancement of pyrolysis phenomena and, if necessary, to avoid the material to be exposed to too high temperatures. 20/34 Thanks to this pre-dimensioning work, the optimum test bench was designed. It is constituted by a pilot burner allocated into a small cylindrical combustion chamber. Before being injected into the burner, the fuel (previously brought at supercritical pressure) is forced to flow through a rolled-up stainless steel tube, having the form of an helix, passing into the combustion chamber. The flame is positioned right at the center of the combustor. The process is operated at ambient pressure and so the propellant, that is in supercritical condition at the exit of the helix-like tube, must be depressurized by using a nozzle-like device.
The use of National Instruments PXI remote controllers ensure remote control of the experimental test bench. All the devices can be automatically commanded from a computer by means of NI Labview system design and control software.
The schemes of the experimental test bench and of the combustion chamber are represented in fig. 13 . 
Conclusions
The need for a remote-controlled experimental bench reproducing a ramjet combustion chamber has been expressed for latter developing regulation and control strategies 21/34 (regeneratively fuel-cooled engine). A specific study with appropriate similitude rules is 
